Ventricular myocytes dissociated from adult rat heart and cultured chick embryo ventricular cells were utilized to examine mechanisms by which neurotransmitters, hormones, and ontogeny modulate expression and function of{3-adrenergic receptors and L-type calcium channels. Either freshly dissociated cells or cultured cells were studied by an optical-video system to characterize contractility and, in some instances, by a microspectrofluorimeter to determine [Ca H ], as reported by fura 2. Ligand binding studies in intact cells and membranes were conducted with receptor and ion channel antagonists and agonists. Exposure of intact cells to isoproterenol produced contractile de-sensitization, loss of high affinity receptors from the sarcolemma and closely coupled decline in hormone-sensitive adenylate cyclase activity. De-sensitization was by a microfilament-dependent process. Down-regulation depended upon microtubular function. During development of the chick heart, there was an increase in number of dihydropyridine binding sites, taken as a measure of number ofL-type calcium channels, at a time when sensitivity to [Ca"'], and to Bay k 8644 declined. Thyroid hormone was capable of up-regulating L-type calcium channels. Prolonged exposure to a {3-adrenergic agonist produced coordinate down-regulation of {3-receptors and calcium channels. Down-regulation was a cAMPdependent process. Thus, the {3-adrenergic receptor and a distal component of the effector-response coupling system, the L-type calcium channel, can be regulated independently and in concert by physiologically and pathophysiologically important mechanisms.
INTRODUCTION
Myocyte models are being used with increasing .frequency as systems in which one may study cell biological events and regulatory mechanisms pertinent to the intact working mammalian heart. As for any model system, isolated adult myocytes or cultured myocytes from adult or neonatal sources have a number of experimental advantages as well as limitations. In the intact working heart, myocytes comprise a numerical minority of cells present so that the response of the intact organ to an effector may be modulated by and reflect responses of vascular and smooth muscle and neural elements. However, freshly isolated myocytes or cultured myocytes can be prepared so that only the cell of interest, a myocyte, is being studied. Moreover, when studied in suspension, attached to a cover slip, or grown in a monolayer culture, myocytes have minimal diffusion barriers and are devoid ofinfluencesofneural elements or blood components. Thus, for investigations of the molecular pharmacology, cellular physiology, or molecular biology of cardiac myocytes, these relatively pure preparations offer distinct advantages. However, investigators also must be cognizant of the limitations of these model systems.
Muscle Mechanics and Single Myocyte
Adult or cultured myocytes can be attached to a number of substrates. The cells will spontaneously contract or will respond to electrical stimulation by contracting, depending upon the details of the preparation. Immature cells generally demonstrate automaticity, whereas automaticity in freshly dissociated adult cell usually indicates that the cell has been injured. Using laser diffraction as well as optical-video methods (4, 22, 26) , a number ofinvestigators have devised ways to track shortening of 454 sarcomeres or entire cells under control conditions and in response to a number of inotropic agents. Until recently, it has been uncertain how alterations in amplitude ofcontraction ofa singlemyocyte might relate to the developed force of contraction measured in larger preparations, such as papillary muscles, which have been used traditionally to define the inotropic state of muscle. Contracting myocytes are loaded only by their attachment to substrate and their internal elastance so that loading is light and cannot be adjusted by the investigator. Borzak et al (4) recently rigorously defined the relationship between contractile amplitude ofa single myocyte and maximum contractile velocity (Vrna.), a classical index of contractility for papillary muscles. Using unfiltered, high frequency AID conversion and computer analysis, amplitude of edge displacement was related to Vmax over a broad range of stimulation frequencies and twitch amplitudes. There was excellent correlation (r = 0.96) between twitch amplitude and peak shortening velocity normalized for cell length. Other workers, using unloaded papillary muscle preparations, have reached similar conclusions. Therefore, while it is not yet possible to routinely measure developed force of contraction in a single cell, if care is taken to record amplitude of contraction with high fidelity, twitch amplitude and velocity bear a close relationship to a classical index of contractility. The validity of using twitch amplitude as a contractility index has also been supported by a large experience in studying contractile response of cells to a wide variety of well-known positive and negative inotropic agents (10) (11) (12) 21) .
Myocyte Response to Stimulation by Catecholamines
Physiological responses to {:I-adrenergic catecholamines are initiated by hormone binding to the {:I-adrenergic receptor in the sarcolemma. At high concentrations, over prolonged periods, catecholamines can also produce cytotoxicity in vivo and in vitro. Persoon-Rothert et al (23) have recently reported that high concentrations (2.5 x 10-4 M) of isoproterenol produces cytotoxicity that was reduced or prevented by free radical scavengers. {:I-reo ceptor blockade by propranolol did not ameliorate cell injury. Thus, oxidation of catecholamines may have a direct cytotoxic effect, likely mediated by a free radical-dependent mechanism. There is also evidence (30) that, as well as producing contractile or cytotoxic effects, tonic occupancy of {:I-adrenergic receptors by catecholamines has at least a permissive effect on myocardial hypertrophy. Response ofmyocytes to {j-adrenergicstimulation is intimately linked to alterations in calcium flux through the cardiac calcium channel (29) . Accord-ingly, calcium channel properties were studied in the same preparation in which {:I-adrenergic receptors could be well characterized. Evidence for coordinate regulation of {:I-adrenergic receptors and calcium channels was sought.
METHODS

Tissue Culture
Primary monolayer cultures of spontaneously contracting chick embryo ventricular cells were prepared as previously described (17, 18) . Cells were grown in culture for 72 hr, by which time they were spontaneously contracting. Experiments were conducted on these spontaneously contracting monolayers at 37°C in physiologic buffer.
Preparation ofAdult Rat Myocytes
Adult rat myocytes were prepared as described (3, 4) . In brief, adult rat ventricular tissue was dispersed by enzymatic perfusion and incubation in low-calcium medium followed by stabilization in physiologic salt solution containing 0.9 mM Ca 2 +.
Contractile Response Measurements
Amplitude and velocity ofcontraction ofcultured chick embryo ventricular cells and adult rat myocytes were recorded using an optical video system as previously described (4, 15) .
Ligand Binding Studies
{:I-adrenergic antagonist ligands and calcium channel agonist and antagonist ligands were used to describe receptor and calcium channel properties using equilibrium binding isotherms and ligand displacement studies. Binding studies were conducted in intact cells by methods previously described, except as where noted (11, 12, 16, 19) . Cyclic AMP content of cells was determined by radioimmunoassay and adenylate cyclase was determined by a modification of the method of Neer (14, 18, 21) .
Materials
The (+) enantiomer of 3H-PN200-110 was obtained from Amersham Corp., Arlington Heights, IL and 45Ca from New England Nuclear, Boston, MA. Miles Laboratories, West Haven, CT, kindly supplied (±) Bay k 8644. Verapamil was a gift of Searle, Skokie, IL, and Sandoz Ltd., Basel, Switzerland, supplied unlabeled (+ )PN200-11 O. 3H_ CGPI2177 was from Amersham Corp. Other reagents were from Fisher Scientific.
Dihydropyridines were dissolved in 70% ethanol at concentrations of 10-3 M, protected from light, stored for a maximum of 3 weeks, and subsequently diluted in buffer before use.
RESULTS
Enzymatic dispersion of neonatal chick ventricular cells and adult rat myocytes produced stable preparations that were spontaneously contracting in the former case, or could be electively stimulated to contract in the latter case ( Fig. 1 ). When studied with a calcium-sensitive fluorescent dye and a microspectrofluorimeter coupled to a video motion detector, depolarization and twitch was associated with a calcium transient ( Fig. 2 ). Although this recording was made with fura 2, similar results were reported by Peeters et al using indo I (22) .
Regulation ojthe Contractile Responseto Catecholamines
Superfusion of isolated adult or neonatal myocytes with the {j-adrenergic agonist isoproterenol produces a large increase in contractility. The magnitude of the increase is similar to the maximal increase that can be elicited for a cell by exposure to high concentrations (4-8 msr) calcium. Control amplitude of contraction can be restored quickly upon washout of the isoproterenol (14) . Associated with the increased contractile state produced by isoproterenol is an increase in the calcium transient recorded in the same cell simultaneously by loading the cell with the fluorescent calcium-sensitive dye fura 2 and recording with a microspectrofluorimeter (Fig. 3) .
The {j-adrenergictransmembrane signalling pathway has been resolved in detail by workers from a number of laboratories and {j-adrenergic receptors have been cloned and expressed (2, (6) (7) (8) . The receptor has 7 transmembrane spanning regions in a motifshared by a number ofreceptor systems, most notably rhodopsin (6) . Extracellular loops contain glycosylation sites, and intracellular domains have a number of consensus sequences for phosphorylation (7, 8) . The cardiac {j-adrenergic receptor is coupled to the stimulatory guanine nucleotide regulatory protein, as is the case for several members of the receptor family. Hormone binds to the {j-adrenergic receptor on the cell surface, forms a high affinity ternary complex, which leads to dissociation of the a subunit of a guanine nucleotide regulatory protein and thence activation of adenylate cyclase. Cyclic AMP is generated, leading to activation ofprotein kinase A and subsequent phosphorylation of a number of structures including the L-type calcium channel. Ultimately, contractile force or amplitude is augmented. The {j-adrenergicreceptor on cardiac myocytes subsequently undergoes homologous desensitization, which is a crucial component of the cellular response to a neurotransmitter or hormone (14, 15, 18) .
Several laboratories have exploited the homogeneity of myocyte culture systems to probe the molecular pharmacology of {j-adrenergic receptor regulation. One approach can be summarized as follows. Utilizing monolayer cultures of chick embryo ventricular cells, the contractile response to isoproterenol was determined. When cells were exposed to I IJ-M isoproterenol, there was a rapid (3-min) increase in contractility to 85% of the maximum achievable for that cell. As cells were continuously superfused with 1 IJ-M isoproterenol, contractile response declined and reached a new plateau by 30 min of exposure. The response to isoproterenol at 30 min was 43 ± 16% of peak amplitude of contraction. Thus, there was rapid contractile desensitization ofmyocytes to a (j-adrenergic agonist (15) . To assess {j-adrenergic receptor molecular pharmacological properties, naive cells and cells exposed to isoproterenol for 30 min were rapidly washed and sarcolemmal membranes were prepared. Equilibrium binding isotherms with 125I-pindolol (IPIN) and isoproterenol-IPIN displacement curves revealed a single affinity state for antagonist binding with K o = 39 ± 12 pM. However, a 2-site model for agonist binding was demonstrated by computer modeling. The agonist dissociation constant for the high affinity agonist binding site was 4.5 nM, whereas that for low affinity agonist binding was 0.36 IJM. Forty-two percent of the receptors were in the high affinity state (19) . By comparison, cells desensitized by exposure to isoproterenol for 30 min showed only a single agonist affinity state with all receptors in the low affinity state. Thus, concomitant with the decline in inotropic response to a {j-adrenergicagonist, there was loss of agonist binding to the high affinity state of {j-adrenergic receptors in membranes.
When cultured myocytes were exposed to graded concentrations of isoproterenol (10-10 M-1O-6 M) for 1-24 hr, there was a concentrationand time-dependent loss in the total number of receptors that could be identified by antagonist binding on the cell surface ofintact cells. Thus, myocytes showed rapid desensitization (loss ofhigh affinity binding with no change in total receptors) followed by down-regulation with loss of total number of receptors (16, 18) .
Cytochalasin-B, an inhibitor of microfilament function, proved capable ofblocking desensitization or recovery from desensitization of the contractile response to isoproterenol. Colchicine, an inhibitor of microtubule function, largely blocked down-regulation produced by high concentrations of isoproterenol exposure over 24 hr. We then determined whether cells that had been exposed to isoproterenol for a sufficient duration of time to produce a loss of total number ofreceptors were dependent upon new protein synthesis for recovery for receptor number on the cell surface. Inhibition of protein synthesis by cycloheximide abolished recovery of cell surface receptors after they had been down-regulated (16) . Thus, there are at least 2 temporal cycles of regulation for {j-adrenergic receptors in myocytes. Brief exposure of myocytes to an agonist produces contractile desensitization and loss ofhigh affinity binding sites, which are the cell surface receptors. This process appears to be mediated by microfilaments, which are components of the subsarcolemmal scaffolding. More prolonged exposure to high concen- trations of agonist produces sustained receptor internalization via a microtubule-dependent process. Synthesis and expression in the sarcolemma of new ,B-adrenergic receptors is a relatively slow process requiring protein synthesis and taking approximately 72 hr for receptor number to recover to 85% ofcontrol values after homologous down-regulation ( Fig. 4) .
A question of considerable physiological interest is whether there are "spare" ,B-adrenergic receptors in the sarcolemma or whether there is close receptoreffector coupling. Detailed kinetic analysis of decline in contractile response to a ,B-adrenergic agonist, desensitization of cyclic AMP production in intact cells, and decline in cell surface receptor number (high affinity receptors) provides evidence that, in the cultured myocyte system examined, there is little gain in the system. That is, loss of cell surface, high affinity receptors is quantitatively translated into a decline in second message production and a decline in physiologic (contractile) response (18) .
Regulation ofthe Cardiac L-Type Calcium Channel
The ,B-adrenergic receptor-G protein-adenylate cyclase pathway is a well studied and elegant paradigm for the process of a cell's hormonal milieu regulating the cellular response to that hormone. We postulate that such control mechanisms are not pe- . This process can be blocked by cytochalasin B. Recovery from the desensitized state can also be blocked by cytochalasin B, a process which occurs over the course of minutes. If agonist exposure is prolonged, there is a loss in total number of receptors from the cell. This process can be blocked by colchicine. Following agonist removal, there is gradual recovery of receptor number over the course of days by a process that is cycloheximide-sensitive. culiar to hormones or neurotransmitter receptors, but also may pertain to regulation of ion channels in the sarcolemma. The thesis that ion channels can be modulated by extracellular effectors is less welldeveloped than the~-adrenergi c receptor paradigm, but evidence is now mounting that ion channel regulation occurs under physiological as well as pathophysiological conditions and is of biological importance.
The L-type calcium channel in cardiac myocytes is a system for which there is growing evidence for heterologous regulation. To date there is no compelling evidence that calcium channel expression can be regulated by extracellular calcium ([Ca2+]o) nor is there compelling evidence that binding of calcium agonist or antagonist ligands to the al subunit of the channel directly modulates channel expression. However, there is clear evidence that calcium channel expression and attendant physiologic response of myocytes can be regulated by ontogeny (13) , mitogens (5, 24) , growth factors (l0), and innervation (13) , and that the al subunit ofthe calcium channel can be regulated concomitantly with thẽ -adrenergic receptor. Calcium channel gating properties are currently subject to intense scrutiny.~-adrenergi c catecholamines such as isoproterenol increase the frequency of brief openings (mode 1) of L-type calcium channels as determined by single channel patch-clamp recordings. When summed over the entire population of calcium channels for a whole cell, isoproterenol produces a large net increase in the inwardly directed calcium current. Dihydropyridine (DHP) calcium channel ligands bind to the a, subunit of calcium channels and alter gating properties. The antagonist ligands decrease the probability of channel opening during a depolarization step, whereas agonist ligands, such as Bay k 8644, increase the frequency ofprolonged periods of the channel being in the open state (mode 2 opening). Thus, it is well established that channel gating may be regulated on a millisecond to second basis by hormones and drugs. Yet little is known about the biological factors that alter the number of calcium channels that are pres- then expressed. The C-H-ras oncogene suppressed DHP receptor expression and TGF-{3 was a potent, reversible inhibitor of DHP receptor expression. Mitogen withdrawal permitted calcium channel expression whereas co-transfection ofcells with c-myc and v-erb B suppressed formation offunctional calcium channels. There is evidence that developmental control occurs at the level of transcription for the al subunit (28) . The findings in a skeletal muscle cell line that differentiation permitted calcium channel expression, whereas mitogens suppressed calcium channel expression, suggested that similar processes may obtain in the developing heart.
Marsh and Allen studied the developmental regulation of cardiac calcium channels in an avian system (13) . We tested the hypothesis that expression of cardiac calcium channels was altered during ontogeny and that there would be a positive correlation between changes in the abundance of cardiac calcium channels and contractile sensitivity to alterations in extracellular calcium concentration.
Utilizing ventricular tissue from chick heart, developed force was measured, and ligand binding studies were conducted on membranes prepared from this tissue. We found that during ontogeny there was progressive decline in contractile sensitivity to extracellular calcium concentration. During the course of the 21 days of cardiac development in ovo, there was more than a log unit decline in the pCa that produced 50% maximal contractile force (Fig. 6 ). It must be recognized that during cardiac development, not only might the number ofcalcium channels in the sarcolemma change, but contractile element sensitivity to calcium and sarcoplasmic reticulum function may change as well. (20) cloned the al subunit of the L-type calcium channel from mammalian heart. The deduced amino acid sequence showed only a moderate degree of homology with the skeletal muscle calcium channel. Skeletal muscle and cardiac calcium channels have proven to be immunologically distinct. The al subunit ofthe cardiac calcium channel, which is the locus of binding for dihydropyridine ligands, has a predicted pattern of four transmembrane spanning regions similar to the structure proposed for the sodium channel (20, 25) . There are 6 internal repeats within each of the 4 motifs, again in concert with findings for the skeletal muscle calcium channel (27) , of the sodium channel and for the single motif ofa potassium channel. The al subunit is a component necessary for function of the proposed multimeric structure of the calcium channel ( Fig. 5 ).
Regulation of Calcium Channel Expression for Mitogens and Development
Possible processes by which the cardiac calcium channel might be regulated may be inferred from studies on regulation of the skeletal muscle calcium channel in the BC3H 1 cell line. Rampe et al (24) reported that in BC3Hl skeletal muscle cells DHP binding site expression did not occur in proliferating cells. When the cells were permitted to differentiate following serum withdrawal, DHP receptors were In sarcolemmal membranes, the number of binding sites and affinityfor the antagonist ligand PN200-110 were studied. From 5-7 days in ovo to 3-4 days posthatched, there was no significant change in the affinity ofthe DHP receptor for an antagonist ligand. Up to 18 days in ovo, the number ofDHP receptors/ mg protein remained relatively constant. However, after 18 days in ovo there was a marked increase in abundance ofDHP receptors, such that by 3-4 days following hatching, the number of DHP receptors had increased by more than 50%. It is of note that the time at which the increase in DHP receptors appeared was shortly following the time ofingrowth of sympathetic nerves to the heart.
One might anticipate that more calcium channels (or at least more DHP binding sites) might translate into greater contractile force development in response to a calcium channel agonist; however, this proved not to be the case. Despite the 50% increase in number of DHP receptors, the contractile response to Bay k 8644 increased only marginally between 18 days in ovo and 3-4 days posthatching. Thus, it was apparent that the change in number of calcium channels identified by DHP binding does not account for developmental changes in calcium sensitivity. Indeed, the calcium sensitivity goesdown at the time when the number of calcium channels goes up. Moreover, an increased number of DHP binding sites does not translate directly into an increased contractile response to a calcium channel agonist. It has become clear that the relation among number of a\ subunits of the cardiac calcium channel identified pharmacologically, calcium sensitivity ofintact tissue, and contractile response to a calcium channel agonist is complex (13) .
Calcium Channel Regulation by Thyroid Hormone
Excess thyroid hormone can increase the expression of a number of cell surface receptors. To ascertain whether the L-type calcium channel protein might be expressed in increased number in response to cell growth in higher than usual concentrations of thyroid hormone, chick embryo ventricular cells were grown in the presence of 10-8 M T3'An increase in DHP binding sites was confirmed and there also was a concomitant increase in the basal contractile state of the cells (10) .
Heterologous Regulation ofthe Cardiac Calcium Channel
The~-adrenergi c receptor interacts with cardiac calcium channels by at least 2 mechanisms. First, -receptor activation by hormone leads to activation of cyclic AMP-dependent protein kinase and phosphorylation of the calcium channel, altering its gating properties (9) . Secondly, there is also evi-dence that hormone binding to the~-adrenergi c receptor can activate the as subunit of a G-protein which may interact directly with the cardiac calcium channel within the plane of the membrane, thereby increasing its conductance (29) . We examined the effect of tonic stimulation of~-adrenergic receptors by hormone on calcium channel function and expression (12) . Cultured chick embryo ventricular cells were exposed to 10-6 M isoproterenol for 4 hr in a manner that produces predictable~-adrenergi c receptor down-regulation (vide supra). In using intact cells, cell surface~-adrenergi c receptor number was quantitated by the hydrophilic ligand 3H_ CGPI2177 and DHP binding sites were quantitated by ligand binding with PN200-11 O.
Following 4 hr exposure to 1~M isoproterenol -adrenergic receptor number decreased to 39% of control. DHP receptors declined concomitantly to 65% of control.~-receptor occupancy was not required for DHP receptor down-regulation to occur, because increase in intracellular [cAMP] produced by IBMX and forskolin exposure also could produce a decline in DHP receptor number to 68% of control. We could not find evidence for direct regulation of DHP receptor expression by prolonged exposure to the antagonist ligand, diltiazem.
To determine whether the decrease in DHP receptors produced by prolonged~-agoni st exposure altered 45Ca uptake into intact myocytes, calcium uptake was measured in control myocytes and myocytes exposed to isoproterenol for 4 hr. In both situations, calcium uptake was stimulated by Bay k 8644. This calcium channel agonist was able to significantly stimulate calcium uptake in naive cells whereas isoproterenol-desensitized cells showed significantly less response. Moreover, naive cells showed a brisk contractile response to Bay k 8644, whereas isoproterenol-desensitized cells displayed a contractile response to Bay k 8644 that was only about 50% of that ofnaive cells. Thus, heterologous desensitization by a~-adrenergi c agonist or by increasing [cAMP] via a non-receptor mediated process decreases DHP receptor expression in intact cells, decreases calcium uptake, and decreases contractile response to a calcium channel agonist. Heterologous down-regulation of calcium channel expression via catecholamines, therefore, may be of physiological importance.
There is recent evidence that small polyanionic compounds may regulate both~2-adrenergi c receptors and DHP receptors by non-competitive pathways. Huang et al (9) have reported that compounds, such as heparin and dextran sulfate, uncouple thẽ 2 receptor from G s • There is also evidence that heparin can act as a noncompetitive inhibitor of ligand binding to DHP receptors (9) .
MARSH TOXICOLOGIC PATHOLOGY
Preliminary investigations from our laboratory suggest that the process of sympathetic innervation of myocytes studied in vitro may also regulate expression of the L-type calcium channel as determined by ligand binding, contractile response to a calcium channel agonist, and whole cell patch clamp techniques.
DISCUSSION
The paradigm of the ,a-adrenergic receptor and of the L-type cardiac calcium channel as independent and coupled transmembrane signalling systems provides useful insights into mechanisms by which myocytes respond to their hormonal, neurotransmitter, and ionic milieu. While mechanisms of effector-response coupling have been described in more detail for the ,a-adrenergic receptor and the L-type calcium channel, it is likely that analogous regulatory mechanisms will be identified for other systems such as muscarinic cholinergic receptors and potassium channels.
It is evident that stimulatory ,a-adrenergic catecholamines can produce physiologic responses as well as pathologic injury independent of calcium channel-dependent mechanisms (1, 23) . Physiologic response and pathologic injury also occur in a receptor-ion channel-dependent fashion.
The response of myocytes to stimulation of receptors and ion channels occurs in 2 time domains. Neurotransmitters, hormones, and drugs bind to receptors and ligand binding sites within ion channels and produce changes in second message expression or in channel conductance over the course of msec to sec (Fig. 4 ). However, it must be appreciated that effector-response coupling always appears to be in a dynamic state. A stereotypic response is not maintained; other regulatory mechanisms come into play that operate over a slower temporal course (min to hr). For receptors such as the ,a-adrenergic receptor, the response in this slower time domain includes an alteration in the number of receptors accessible to ligands on the cell surface, receptor internalization, and degradation. It now appears likely that analogous processes occur for ion channels. These relatively large structures appear to be in a dynamic state in the cell membrane. The number ofion channels can be altered with complex, but physiologically important sequelae.
